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Hyphae 
 
 
Inoculant 
 
Inoculum  
(plant pathology) 
 
LCFA 
i.e. methane fermentation. Degradation of organic material 
in anaerobic conditions, end products are biogas and di-
gestate  
 
Fruiting body where the spores of some fungi species are 
produced 
 
The end product of anaerobic digestion, contains mainly 
methane (CH4) and carbon dioxide (CO2) 
 
Degradation of organic material in aerobic conditions 
 
Biogas residue with high nutrient content, can be used e.g. 
as fertiliser 
 
Hydraulic retention time = the average length of time that 
a soluble compound remains in the constructed reactor 
 
i.e. pasteurisation, hygienisation of the material at least 60 
minutes in 70˚C, the particle size must be less than 12 mm 
 
Thread-like non-reproductive part of the fungi found in 
almost all fungi, mass of hyphae is mycelium 
 
Bacterial population, also called inoculum 
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Resting spores 
 
 
Sclerotia 
 
 
Substrate 
 
 
Susceptible host 
plant 
 
Thermophilic  
digestion 
 
Thread 
 
TS 
 
TSE 
 
Digestion which takes place in 35-37˚C 
 
 
Spores which lie dormant, with thick cell wall that can 
survive unfavourable environmental conditions 
 
Singural sclerotium , dark and hard survival structure of 
some fungi species,  
 
Organic input material i.e. feed material (polysaccharides, 
proteins and lipids)  
 
Plant which is vulnerable to disease if it exposed to it 
 
 
Digestion which takes place in 50-55˚C 
 
 
i.e. Filament 
 
Total solids i.e. dry matter 
 
Transmittable spongiform encephalopathies
VFA 
  
VS 
Volatile fatty acids, short-chain fatty acids                                                      
 
Volatile solids, indicates organic matter content
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1 INTRODUCTION 
 
Anaerobic digestion is becoming a more common way of treating organic wastes, as it 
offers a way to treat biodegradable material, renewable alternative to fossil fuels and is 
economically attractive. The end products of the anaerobic digestion are biogas, which 
is partly methane that can be utilised for instance as vehicle fuel, and digestate, the 
nutrient rich biogas residue, which can be utilised for instance as a substitute for min-
eral fertilisers. (Weiland 2010, 849, 857-858.) Materials for commercial fertilisers are 
limited and due to aims towards sustainability, agriculture tries to find more environ-
mentally friendly materials and methods. The goal is to shift into use of organic diges-
tate, such as a biogas residue, in which case the nutrient cycle is closed and the losses 
of nutrients are minimised. Also material efficiency increases and the greenhouse gas-
es from the methane decrease due to the utilisation of it (compared with the uncon-
trolled degradation of organic material and its methane production). (Latvala 2009, 59; 
Holm et al. 2010, 667-669; Luste et al. 2012, 8.) 
 
Depending on the substrate used in the anaerobic biogas process, the digestate may 
contain for instance human and plant pathogens, weed seeds and toxic metals. If the 
digestate is spread in fields untreated the pathogens and other harmful microbes and 
substances will be transferred to fields as well, and they may contaminate plants and 
further on food stuff. (Lehto et al. 2007, 35.) Also the need for fungicides increases 
and the crop yield is reduced. (Haraldsson 2008, 5). Soil-borne plant pathogenic fungi 
are able to produce spores, which can survive for instance high temperatures and pres-
sure variations (Kumar et al. 2008, 69) and are also capable maintaining viable in soil 
for several years with their resting spores. (Lehto et al. 2007, 35). In order to diminish 
the plant pathogens from the digestate, the digestate can be pre- or post-hygienisated 
by heat treating or post-treated with composting. (Iivonen et al. 2013, 67.) Tempera-
ture, retention time and post digestion affects the elimination of plant pathogens. (Har-
aldsson 2008, 37; Noble et al. 2009, 3; Iivonen et al. 2013, 66). Thus, whether meso-
philic temperature is enough to eliminate plant pathogens is not certain and if it is how 
long retention time is needed. (Luste et al. 2012, 40, 55). 
 
2 
 
In Finland approximately half of garden area is used for the growing of open land veg-
etables and the most significant plant pathogens for open land vegetables such as ice-
berg lettuce are Sclerotinia sclerotiorum and Sclerotinia subarctica, Botrytis cinerea, 
Rhizoctonia solan and for lettuce Pseudomonas cichorii. Bacterial infections cause 
losses in stuffed cabbage rolls and clubroot (Plasmodiophora braasicae) and Sclero-
tinia diseases appear to cause most significant losses to cabbages. (Tuomola et al. 
2012, 9-14.) These plant pathogens are also most commonly found in vegetable waste. 
(Lehto et al. 2007, 35). Economically the most significant plant diseases regarding 
South Savo region of cabbage and iceberg lettuce are Sclerotinia diseases, club root 
and rot caused by bacteria. (Iivonen et al. 2013, 68.) Sclerotinia species are able to 
reproduce air borne or by sclerotia, survival structures that are able to tolerate various 
environmental conditions such as high temperatures, toxicity and low oxygen. (Kumar 
et al. 2008, 69; Haraldsson 2008, 36; Iivonen et al. 2013, 68).  
 
The objectives of this research were to find out, whether and how the chosen plant 
pathogens survive the mesophilic anaerobic biogas process and emphasise finding out 
the methods of enhancing the possibilities of using organic and renewable fertilisers, 
regarding digestate from the anaerobic biogas process. As a case study the survival of 
Sclerotinia sclerotiorum and Sclerotinia subarctica species are studied by putting the 
sclerotia into laboratory scale batch reactors and observing their survival and repro-
ductive capability in cultivations. There are no previous studies related to the survival 
of S.sclerotiorum and S.subarctica in a mesophilic biogas process. For S.sclerotiorum 
there have been studies related to its survival in compost, for instance by Noble et al. 
2009 (elimination in 7 days in 52˚C).  This study is a follow-up on a partly EU-funded 
project ESBIO- Biogas plant as a part of the energy self-sufficient farm, which ended 
in 2012. 
 
 
2 ANAEROBIC BIOGAS PROCESS 
 
In anaerobic digestion the organic substrate (biowaste, energy crops, waste water 
sludge, liquid cow manure and so forth) is being closed in an oxygen-free reactor, in 
which different types of anaerobic microbes degrade organic feed material. (Latvala 
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2009, 29-30). These micro-organisms can be divided into four groups and they act in 
different stages of the anaerobic biogas process: hydrolysing micro-organims (e.g. 
Bacteriocides, Bifidobacteria, Clostridia), fermentative bacteria, acetogenic bacteria 
and methanogens (e.g. Methanosarcina barkeri and Metanonococcus mazei). 
(Weiland 2010, 850; Haraldsson 2008, 9). The end products of anaerobic digestion are 
biogas (mainly CH4 + CO2) and digestate. Methane is produced when organic matter 
is being degraded. (Latvala 2009, 25.) 
 
There are two process types: dry fermentation (TS 15-60 %) and wet fermentation (TS 
< 10%). Nowadays, wet fermentation processes are more common than dry fermenta-
tion processes; in Finland for instance the most common process type is one-stage 
mesophilic, continuously stirred tank with wet fermentation. The reactor can be either 
continuous reactor or batch reactor. In the batch reactor, the substrates are added in 
batches, which go through the fermentation, after which another batch is added. In a 
continuous reactor, the substrate is being added continuously as the name suggests. 
(Latvala 2009, 30-33.) 
 
2.1 Stages of the biogas process 
 
The process, in which organic material turns into biogas in anaerobic conditions, is 
called methane fermentation or anaerobic digestion. The methane fermentation pro-
cess can be divided into four steps: hydrolysis, acidogenesis, acetogenesis and 
methanation (Figure 1.). In the hydrolysis phase, organic feed material (complex pol-
ymers) including polysaccharides, proteins and lipids, is degraded by micro-organisms 
into monomers and oligomers: sugars, amino acids and long-chain fatty acids (LCFA). 
In acidogenesis phase volatile fatty acids (VFA) are being produced, in acetogenesis 
phase acetate and hydrogen. The final phase is methanogenesis, where methane is pro-
duced by methanogenic bacteria from acetate and hydrogen. (Latvala 2009, 29; 
Weiland 2010, 850.) 
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FIGURE 1. The stages of anaerobic degradation process (methane fermentation) 
(according to Latvala 2009 & Gujer and Zehnder 1983 [Weiland 2010]) 
 
2.2  Mesophilic/ Thermophilic biogas process 
 
The anaerobic biogas process can be either mesophilic (optimal temperature approxi-
mately 35-37˚C) or thermophilic (optimal temperature approximately 50-55˚C). (Lat-
vala 2009, 34). The temperature range in mesophilic temperature conditions can, how-
ever, vary from 35˚C to 42˚C and thermophilic conditions from 45˚C degrees to 60˚C. 
(Weiland 2010, 851). Mesophilic temperature range biogas processes are most com-
monly used in Finland, at the moment only a few biogas plants utilise the thermophilic 
biogas process (Stormossen in Vaasa, Satakierto in Köyliö). The mesophilic anaerobic 
biogas process requires less additional heating than the thermophilic process (approx-
imately 10-30% less additional heating). However, the hydraulic retention time (HRT) 
of the mesophilic process is usually higher, depending on the substrate, for instance 
the recommendation for the mesophilic biogas process is 21 days.  The hygienisative 
effect of the mesophilic process is weaker than in the thermophilic process, but longer 
retention time improves the hygienic condition of the digestate. However, long reten-
tion time increases heat and mixing demand. (Latvala 2009, 35.) Methanogenic diver-
sity is most often lower in the thermophilic process than in the mesophilic biogas pro-
cess, thus the thermophilic biogas process is more sensitive to fluctuations in tempera-
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ture than the mesophilic process. Fluctuation of a couple of degrees (-/+ 3˚C) does not 
affect mesophilic bacteria or methane production remarkably, whereas the thermo-
philic process requires more time to adapt to the new temperature. However, meth-
anogenic bacteria grow faster in the thermophilic process, thus the thermophilic pro-
cess is more efficient: the amount of feed material can be higher and retention time 
shorter. Higher temperatures may increase ammonia toxicity, which can inhibit the 
growth of microbial population in the process. (Weiland 2010, 851.) Inhibition result-
ing from ammonia, increased amount of VFA and so forth usually affects biogas and 
methane yields. (Latvala 2009, 36). 
 
 
3 USE OF BIOGAS DIGESTATE AS AN ORGANIC FERTILISER 
 
A non-degradable organic material residue from the anaerobic biogas process is called 
a digestate and it contains nutrients from the substrates used in the biogas process. 
(Vänttinen et al. 2009, 9). These nutrients include macronutrients such as nitrogen (N), 
phosphorus (P), potassium (K) and micronutrients such as copper (Cu), zinc (Zn) and 
iron (Fe). The preferred usage of the digestate is to be used as a fertiliser, in which 
case the nutrient cycle is closed and the losses of nutrients are minimised to sediments, 
atmosphere and water bodies. The digestate can be used for agricultural purposes, for 
forestry, landscaping, landfills and so forth; the disposal options are presented in Fig-
ure 2. (Latvala 2009, 49; Holm et al. 2010, 667-668.) 
 
 
FIGURE 2. Digestate disposal options (according to Latvala 2009) 
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The waste characteristics when defining physical, biological and chemical characteris-
tics of the digestate are for instance the odour and colour, particle size, water holding 
capacity and TS/VS content. Weed seeds, germination of seeds and pathogens affect 
biological characteristics of digestate, whereas heavy metals, nutrients, conductivity 
and organic pollutants affect the chemical characteristics of the digestate. Different 
parameters affect the agronomic value of the digestate, the handling of it and its ferti-
lising value, for instance. (Holm et al. 2010, 671.) 
 
In farm-scale biogas plants the digestate can be utilised as a fertiliser as such, if the 
substrates used include only wastes produced by the farm itself, which are plant or 
animal origin. Depending on substrates and the process used, the digestate can be 
spread without further treatment into the field. The water content of the digestate is 
decreased by mechanical drying, which can be done with centrifugal drying, filter 
pressing, screw pressing or with rare chamber filter pressing. (Latvala 2009, 50-52.) 
 
In thermal drying the water content of the digestate is reduced by evaporation. Ther-
mal drying is usually used prior to incineration, to decrease the volume of the sludge 
or as a final hygienisation method. The assets from the thermal drying are increased 
dry matter content (up to 90%), decreased volume and hygienisation of the digestate. 
In anaerobic biogas plants thermal drying is used often to improve the marketability 
and usage of the digestate. Thermally dried digestate also fulfils the hygienic require-
ments set for digestate. All drying activities raise the investment costs and the waste 
waters resulting from the drying (reject waters) must be taken care of as well. (Latvala 
2009, 52.) 
 
The digestate can also be composted, in which case the digestate is left to degrade fur-
ther and become humus by aerobic microbes. The end product, compost soil, is stabile 
and pathogens, weed seeds and phytotoxins are eliminated or become inactive. (Lat-
vala 2009, 54.) The elimination of pathogens depends on retention time, pH and tem-
perature, for instance. (Holm et al. 2010, 673). The elimination of plant pathogens in 
compost highly depends on the plant pathogens present in the digestate, for instance 
the elimination of Sclerotinia species’ resting spores i.e. sclerotia, require thermo-
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philic temperatures with adequate retention time (e.g. 3 weeks in 50-70˚C) or in lower 
temperatures in with longer retention time. (Lehto et al. 2007, 35). Composting de-
creases the odour and improves the spreading of the digestate even more. The draw-
backs in composting are the space requirements, odour problems, produced green-
house gases and need for aeration. (Latvala 2009, 53.) Moreover, aeration increases 
the cost of composting with investment, operational and maintenance costs. The annu-
al cost of aeration per 1 cubic meter of liquid cow manure is 1. 07-1. 79€, including 
operational costs, such as electricity. (Suomalainen 2007, 65-66.) Aeration can be per-
formed through active aeration (vacuum induced aeration or forced aeration) or natu-
rally (convection, diffusion e.g. in windrow composts) or my mixing the compost ma-
terial. If active aeration is being used, vacuum induced aeration consumes more energy 
than forced aeration. (Krogmann et al. 2011, 541-542.) 
 
3.1 The benefits of the digestate 
 
The biogas process improves the fertiliser quality of the nitrogen: in the biogas process 
the nitrogen, which is bound into organic material, breaks down into liquid ammoni-
um, which plants can utilise efficiently. (Svensson et al. 2004, 461; Vänttinen et al. 
2009, 9). The digestate has a good short-term fertilising effect and is thus suitable for 
plants which require high amounts of nutrients in the early stage of their growth, such 
as barley. (Svensson et al. 2004, 466; Weiland 2010, 849; Iivonen et al. 2013, 58). 
When the digestate is being handled properly, it should have high mineral nitrogen 
content (ammonium), low heavy metal content and a high availability of phosphorus. 
(Svensson et al. 2004, 466). The digestate can be utilised also as soil amendment me-
dium: the digestate improves the soil quality by making it airier, friable, light and wa-
ter-tight (in sandy soils). (Vänttinen et al. 2009, 9; Holm et al. 2010, 668). Due to the 
improved properties of the digestate, the nitrogen losses (by ammonia) are decreased 
as the digestate penetrates the soil faster. (Weiland 2010, 857). 
 
Digestate from the anaerobic biogas process is usually less odorous (the odours of the 
feedstock can be decreased up to 80%) and more viscous than the original substrate, 
thus making the digestate more convenient to handle and spread in fields. Also, plant 
pathogens, weed seeds, phytotoxic compounds and pests are known are to become 
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inactive in the anaerobic biogas process. (Lehtomäki 2006, 23; Weiland 2010, 857.) 
The digestate can substitute mineral fertilisers, which is not only good considering the 
decreasing amount of materials used in mineral fertilisers, but also the digestate / an-
aerobic digestion utilises local substrates. (Weiland 2010, 849). Furthermore, if the 
anaerobic treatment is sufficient enough for the elimination of plant pathogens, crop 
materials which are not suitable for feed or food production due to their quality can be 
treated anaerobically and the digestate utilised as fertiliser or into some other purpose. 
(Haraldsson 2008, 8). 
 
3.2 The constraints of the digestate 
 
As digestate usage is regulated and controlled issue, there are costs related to the pos-
sible fees and taxes, which may rise above the economic benefit gained from using the 
digestate. Also, the digestate cannot be transported very far afield and it is thus more 
cost-effective to utilise the digestate near-by, so that the transportation costs do not 
exceed the economic benefit. Depending whether the digestate is utilised immediately 
or stored, the storing may also cause extra costs. (Holm et al. 2010, 670.) Although the 
digestate has really high ammonium nitrogen content, as the digestate goes through the 
drying operations, its nitrogen content may decrease significantly (up to 90% reduc-
tion). Also, the phosphorus content in the digestate is usually low and using digestate 
as a fertiliser solely in intensive grain cropping is not always sufficient enough. 
(Svensson et al. 2004, 461-466.)  
 
Depending on the substrate used in the biogas process the digestate may contain com-
pounds harmful to humans, plants and environment. Digestate from urban wastes may 
have high concentrations of toxic metals, which may accumulate in soils and inhibit 
beneficial microbial growth, affect soil ecosystem and plant growth. Sewage sludge 
and other organic substrates (food and plant waste) may include human (viruses, bac-
teria and parasites) and plant pathogens (fungi, bacteria, viruses, weed seeds). (Holm 
et al. 2010, 670-671). 
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3.3 Legislation related to digestate 
 
In Finland, if the digestate from the biogas process is used as a fertiliser, the biogas 
plant must have a plant approval from EVIRA (Finnish Food Safety Authority). In 
order for a biogas plant to get approval, it must apply the approval with application 
form and the prerequisites are that the biogas plant meets the requirements set in Act 
on Fertilizer Products (539/2006). The applicant must show that the fertiliser or raw 
material of the fertiliser produced in the biogas plant is safe and suitable for use. In the 
application, the applicant must describe the hygienisation in the biogas process, how 
hygienic material and raw material are stored separately in the biogas plant, the sanita-
tion of the biogas plant, how self-monitoring is carried out and traceability. (EVIRA 
2013.) 
 
A self-monitoring plan should include with applicable parts for instance responsible 
people, product specific information related to the origin of raw materials and quality 
of them, the description of production and operational processes, the quality assurance 
and so forth. A record must be kept out of the implementation of the self-monitoring 
system, including for instance results related to the safety of processes and handling. A 
self-monitoring report must be drawn out of the records kept, including deviations and 
problems and how they were handled, for instance. (EVIRA, 2012b.) The structure of 
the self-monitoring includes the prerequisite programs, identification and assessment 
of the risks, determining tools for management control and HAACP (Hazard Analysis 
and Critical Control Points) program, which is merely a tool for preventing food safety 
hazards, and it is used with good personal hygiene programs, manufacturing practices 
and sanitation open standard opening procedures. (EVIRA, 2011; EVIRA, 2012c.) 
 
The requirements can be divided into two groups: treatment requirements and product 
requirements. (Marttinen et al. 2013, 8). General requirements set for fertiliser prod-
ucts are given in Act on Fertilizer products (539/2006). It is applied if the biogas plant 
produces fertilisers from the biogas residue. The legislation includes fertiliser prod-
ucts, partly the manufacturing of them, use and transportation of the fertilisers and 
partly their manufacturing for one’s own usage. The fertiliser products are required to 
be of uniform quality, safety and suitability for intended usage. (Latvala 2009, 17.) 
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3.3.1 Treatment requirements 
 
Treatments requirements are either national or if the biogas plant handles animal by-
products, it must also meet requirements set in The Animal By-products Regulation 
(EC) No 1069/2009 (Table 1.). Animal by-products are animal derived products for 
other purposes than human consumption. These include dead animals, animal wastes 
from slaughter houses and food wastes, for instance. Animal by-products are regulated 
in animal by-products Regulation ((EY) N:o 1069/2009) and in Implementation Regu-
lation (EU) 142/2011, which includes specific instructions for implementation of (EY) 
N:o 1069/2009. Animal by-products may include human and animal pathogens, thus 
these wastes must be treated in a specific way. The Animal By-products act regulates 
collection, transportation, storing, pre-treatment, handling, usage, disposal, marketing, 
exporting, importing and transit of animal by-products. The animal by-products are 
divided into three categories according to their origin and different categories have 
different treatment methods (Table 1.). (EVIRA, 2012a.) 
 
TABLE 1. Animal by-products classification and treatment regulations (Iivonen 
et al. 2013; REGULATION (EC) No 1069/2009, 2009) 
 Category  1 Category 2 Category 3 
Material By-products with suspected 
risk of TSEs (transmissible 
spongiform encephalopathies)-
diseases, unknown risk or the 
material includes residues of 
forbidden substances or envi-
ronmental toxins 
By-products with a 
risk of other diseases 
than TSE-diseases or 
risk of residues of 
animal 
By-products which 
are gained from an-
imals and accepted 
for human consump-
tion, but which are 
not intended for hu-
man consumption  
for commercial rea-
sons 
Pre–  
or post-
treatment 
Category 1 materials are not 
suitable for use in biogas 
plants 
Pressure sterilisation 
(20 min in 133˚C at 
3 bar pressure, parti-
cle size <50mm) 
Hygienisation 
(60 min in 70˚C, 
particle size 
<12mm) 
Example Food waste outside EU Manure, dead or Food waste, food-
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materials slaughtered industri-
al animals 
stuff 
 
According to national regulations, the biogas process can be either mesophilic or 
thermophilic, but if the digestate is used as a fertiliser, the end product must fulfil the 
requirements in a way that it does not include harmful substances, organisms or impu-
rities more than permitted level. If the substrate used in the biogas plant does not con-
tain plant pathogens (risk-free plant material such as fodder) the treatment requirement 
is mesophilic or thermophilic biogas process and the end product must fulfil hygienic 
requirements set in legislation. (Marttinen et al. 2013, 8-9.) 
 
If the substrates are wastes or by-products from potato and vegetable peeling processes 
or separately collected biowaste the treatment requirement is heat treating moist mate-
rial in 70˚C for 60 minutes with particle size less than 12 mm (or other method ap-
proved by plant protection authority. Also, the plant waste can be composted in 55˚C 
with 40% humidity for at least two weeks. (MMM  2011, 26.) The heat treatment can 
be done prior or after the anaerobic digestion. (Marttinen et al. 2013, 9). It is more 
feasible to do the hygienisation before the anaerobic digestion, since the heat treatment 
degrades solid organic material into liquid form, which the bacteria can utilise better. 
The pre-hygienisation also increases the feed materials dry matter content, as water is 
being vaporized. (Luste et al. 2012, 55-56.) The hygienisation done after the anaerobic 
digestion is more effective, but can be prone recontamination. (Sahlström 2003, 164; 
Weiland 2010, 857). The hygienisation may not destroy all the spores of the fungi. In 
addition, the retention time has to be long enough, as the retention time of the biogas 
process is shown to affect the survival of plant pathogens. (Luste et al. 2012, 55.) 
Moreover, separate post degradation by composting (at least 55˚C temperature and 
40% humidity) is used as method for eliminating plant pathogens furthermore. (Iivo-
nen et al. 2013, 60-74). If the biogas plant uses only manure and vegetable waste as 
substrates and the digestate is marketed, the required hygienic level can be achieved 
with thermal drying or compost. (Iivonen et al. 2013, 66). 
 
3.3.2 Product requirements 
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End products from biogas plants according to their type name are digestate, reject wa-
ter and dry granule, for instance. Product requirements include the maximum level of 
pathogens, impurities (e.g. weeds) and harmful metals. (Marttinen et al. 2013, 10.) If 
the fertiliser is plant origin, the spreading of pathogens must be eliminated during 
manufacturing. (MMMa 24/11). If necessary, the plant pathogen risk must be men-
tioned in fertiliser’s manual as the restriction of use for certain areas with susceptible 
host plants. (MMM 2011, 10). While national legislation (Act on Fertilizer Products) 
requires the monitoring of plant pathogens from the end product, Animal By-product 
requirement requires the confirmation of adequacy of the treatment during treatment 
or immediately after treatment. (Marttinen et al. 2013, 10). National legislation re-
quires the elimination of certain plant pathogens (Table 2.). 
 
TABLE 2. Special requirements set for fertilisers from plant origin (MMM 2011) 
Pest Maximum amount 
Globodera rostochiensis Not detected in root, beet and potato raw 
material or from material carried among soil Globodera pallida 
Clavibacter michicanensis 
Ralstonia solanacearum 
Synchytrium endobioticum 
Beet necrotic yellow vein virus 
Meloidogyne spp. 
Other pathogenic quarantine pests Not detected in plant waste derived from  
greenhouse production or seed beds 
 
 
The use of biogas residues as fertiliser cannot endanger the food hygiene safety of the 
primary production. The food hygiene safety of primary production is regulated in the 
regulation on the hygiene of foodstuffs (EY N:o 852/2004) and in Ministry of Agricul-
ture and Forestry’s act on primary production (1368/2011). The primary production is 
also regulated by EU’s and national legislation, which includes regulation related to 
food safety (EU N:o 178/2002), regulation on microbiological criteria on foodstuff 
2073/2005 and Food Act 23/2006. 
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4  PLANT PATHOGENS 
 
4.1 Significance of plant diseases 
 
The deleterious effects caused by plant pathogens do not only cause harm to the in-
fected plant itself, but also to a crop yield, economic profit and environment. How vast 
the damages are, depend for instance on weather conditions, infecting pathogens, the 
host plant and control measures taken against the disease. Approximately one third of 
the produced plants go to waste due to plant pathogens in tropical and developing 
countries even more. (Valkonen et al. 1996, 16-17.) Plant diseases make approximate-
ly 10% cut to food production annually worldwide. (Jalli et al. 2010, 3). The more 
losses there are the more biocides are being used on them. (Waller et al. 2001, 25).  
 
4.1.1 Quantitative and qualitative losses 
 
Crop and yield losses are quantitative losses and can be divided into direct and indirect 
losses. Crop loss means the damage caused by single or several biotic factors (viruses, 
fungi, bacteria, nematodes etc.) causing reduction in financial return and it is measured 
as the difference between attainable yield and actual yield. The attainable yield means 
the yield that could be achieved in specific area if all the available crop protection 
measures would be implemented regardless of cost, thus only abiotic (environmental) 
factors would affect to yield. The actual yield is the yield achieved in specific area 
when existing crop protection measures are used. Yield loss means the damage caused 
by a single biotic factor, the difference between the attainable yield and the actual 
yield. (Nutter et al. 1993, 211-215.) Losses to the producer are mainly capital and in-
come losses, which may in the worst case result in producer’s economic difficulties. 
Losses during harvesting, storing and so forth usually affect the consumer process and 
thus the consumers suffer from the crop losses. (Valkonen et al. 1996, 16-17.) 
 
Usually qualitative losses in products’ utility value are far larger than the crop yield’s 
quantitative losses. The decrease in quality decreases the resale value, utility value, 
healthiness and preservability / shelf life of the plant product, depending on the infec-
tious plant pathogen. Some of the plant pathogens may also produce mycotoxins, 
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which are harmful to humans, and consumers may suffer from these losses among 
possible biocide residues and morbidity. (Valkonen et al. 1996, 16-17.) 
 
4.1.2 Environmental losses 
 
Use of pesticides and fungicides to prevent plant diseases may result in residues in 
environment. (Valkonen et al. 1996, 17). Also, as plant pathogens may become re-
sistant to biocides, new and more effective pesticides and fungicides are needed. Bio-
cides may also affect nontarget plants and animals or fungicides may destroy useful 
fungi species, for example. Nowadays biocides are indented to make more biode-
gradable, effective and more target-specific. (Klingberg 2012, 8-11.) 
 
4.2 What is a plant pathogen? 
 
“Plant pathology is the ’study of the suffering plants.’” (Sharma 2008, 1). Plant patho-
gens are divided into infectious and non-infectious diseases. The infectious diseases 
are called plant pathogens, which include bacteria, viruses, viroids and fungi, whereas 
noninfectious diseases (abiotic) are caused mainly due to environmental circumstanc-
es, mechanical damages or genetical disturbances. (Valkonen et al. 1996, 10.) Most 
plant pathogens kill the tissue of host plants for nutrition, thus these plant pathogens 
are necrotrophs. (Waller et al. 2001, 75). Plant diseases have three important compo-
nents: the environment, the susceptible host plant and the pathogen, this is so called 
disease-triangle (Figure 3.). The occurrence of the plant disease requires the presence 
of all three factors. (Jalli et al. 2010, 4.) Time is considered also an important compo-
nent regarding plant diseases, for instance as the time of year. Humans’ influence on 
plant diseases is the fifth component as it affects all earlier concepts: time of planting, 
the selection of cultivated crops, cultivating techniques, the use of chemical control 
and so forth. (Sharma 2008, 7-8.) 
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FIGURE 3. The interrelationships of different components in disease. Tradition-
al disease-triangle includes only the susceptible host, pathogen and favourable 
environment (according to Sharma 2008, 8) 
 
4.3 Stages in disease development 
 
The chain of events which lead to the development of a disease is called disease cycle 
(Figure 4.). “Inoculum is any part of the pathogen that can cause infection” (Sharma 
2008, 18) and at the first stage, inoculation, the inoculum gets in contact with the 
plant. For fungi, the inoculum is usually spores and sclerotia, for bacteria and viruses 
the whole entity of the bacteria of the virus. Pre-penetration is the stage prior to actual 
penetration. This stage includes for instance the germination of seeds and spores, the 
attachment of the pathogen to the host plant and recognition between the host plant 
and plant pathogen. The host plant or the plant pathogen may lack specific recognition 
factors, which result either in disease or failure in disease. After pre-penetration pene-
tration takes place, the plant pathogen can penetrate the host plant through wounds and 
openings or directly through undamaged surfaces (by using enzymes). After the patho-
gen has penetrated the host plant infection takes place, where the plant pathogen gains 
nutrients from host cells or tissues. In the infection stage the pathogen also colonises 
the host plant where it grows and reproduces itself. The time from infection (or spore 
germination) to visible symptoms is called an incubation period. (Sharma 2008, 18-
19.)  
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FIGURE 4. Disease-cycle (Sharma 2008, 18-19) 
 
The disease cycle usually includes only attachment (i.e. inoculation), incubation and 
growth of fungi (i.e. pre-penetration), penetration and colonisation (i.e. infection). 
Sometimes also the dissemination and seasonal carry-over of pathogen is included in 
the disease cycle. Dissemination is the second spreading of the inoculum to new sus-
ceptible host plants after the pathogen has colonised the previous host plant. The sea-
sonal carry-over of the pathogen is done for instance with resting spores, which stay in 
the soil through winter and attach to new susceptible plants in spring. (Sharma 2008, 
20.)  
 
4.4 Factors promoting and limiting plant pathogens in field ecosystem 
 
The disease development requires more than just the presence of the pathogen and its 
susceptible host: generally environmental conditions influence whether plant patho-
gens occur or not. For a disease to grow optimally, earlier mentioned (Figure 3.) three 
factors of disease cycle must be present. The temperature is one of the environmental 
factors affecting plant diseases: depending on the pathogen some prefer lower temper-
atures and others require warmer temperatures. Moisture is another environmental 
factor affecting pathogens: it mostly affects the germination of fungal spores and pene-
tration of the host by a germ tube. Moisture also increases the succulence of the host 
plant tissues. Powdery mildews are more severe and common in dry areas and for ex-
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ample root, young seedling and tumble diseases such as Sclerotinia develop to be 
more severe on moist soils. Wind mainly promotes the spreading of pathogens e.g. 
fungi spores and by drying the surfaces of wet plants. Soil pH affects the plant patho-
gens which are soil borne and micronutrients and elements of the plant such as nitro-
gen, potassium and phosphorus affect to diseases as well, generally plants with bal-
anced nutrition are more capable of protecting themselves. (Sharma 2008, 52-55.) 
 
Resistance of plants is crucial regarding the richness of plant diseases. Breeding has 
increased the disease resistance of many plants species, especially gene technology has 
brought new ways of developing the disease resistance of plants. However, the new 
species of plant pathogen are also developing constantly, thus more resistant plants 
must be developed all the time. Intensive agriculture has lead to the cultivation of only 
a few plant species per area. Thus, these areas are more susceptible to epidemic plant 
diseases spreading due to decreased biodiversity. Hereby the change of crops and 
mixed plantation reduces the spreading of plant diseases. Some natural plants may also 
act as plant pathogen carries and their nearby presence may spread plant pathogens. 
(Valkonen et al. 1996, 96.) 
 
Plant pathogens can be divided into two groups according to their prevention, the first 
group is those plant pathogens which produce resting spores and sclerotia and the sec-
ond group includes fungi, which produce a great number of spores, and they spread 
efficiently long distances. The occurrence of group one plant pathogens can be esti-
mated and prevented, whereas the second group plant pathogens usually require the 
use of chemical control and the plant pathogens may become resistant to biocides. 
Plant pathogens have to compete with other microbes and thus be able to change ac-
cording to changing environmental conditions, including the presence of biocides. 
(Valkonen et al. 1996, 97.) 
 
4.5 Fungi as a cause of plant disease 
 
4.5.1 Structure of fungi 
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Fungi are the most significant cause of plant diseases worldwide. Fungi are eukaryotic, 
which means that membrane distinguishes between a nucleus and cytoplasm and fungi 
can be either unicellular or multicellular. Fungi lack chlorophyll particles, thus they 
need external energy, which they get from plants. Fungi consist of the non-
reproductive part of the fungi, hypha (single) (several hyphaes comprising mycelium) 
and reproductive part. Hypha comprises most of the fungi, and usually there is a cell 
wall between the cells. The structure of the cell wall is important when the prevention 
of fungi is studied, as some of the fungicides prevent the growth of fungi by inhibiting 
the growth of cell walls. Most fungi cells’ walls are composed of chitin. (Valkonen et 
al. 1996, 10, 20-21.) 
 
4.5.2 Activity 
 
Fungi cells take nutrients and remove excretion outside the cells and thread. Fungi 
require organic compounds from their environment, as they cannot produce those by 
themselves with photosynthesis. Fungi use sugars such as sucrose, maltose and glu-
cose as a source of energy. Moreover, fungi require small amounts of inorganic com-
pounds, water and oxygen. Simple organic compounds such as monosaccharides, ami-
no acids and organic acids absorb through the cell membrane through diffusion, the 
absorption is passive and does not consume energy from fungi. Fungi can also excrete 
enzymes to break down larger molecules into water-soluble and small molecular com-
position. Different fungi species excrete only specific enzymes and hence cannot break 
all plant materials, in addition, the production of some enzymes is constant, but other 
enzymes need external stimulation. The breakdown of plant tissue is visibly seen as 
necrosis, rotting and decaying. Moreover, fungi can produce phytotoxins, which 
breakdown plant tissue, after which the fungi can utilise it as nutrition. Mycotoxins are 
toxins produces by fungi, which are harmful to humans and animals. (Valkonen et al. 
1996, 22.) 
 
4.5.3 Differentiation and reproduction 
 
Fungi can produce different kinds of threads and organs, which are essential for the 
attachment, penetration and nutrition of fungi. Fungi can also produce structures, 
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which ease the survival of fungi, such as sclerotia (Picture 1.), which darken due to 
melanin pigmentation and become hard. Sclerotia produce apothecium when favoura-
ble environmental conditions occur. Some fungi may produce long threadlike struc-
ture, rhizomorps, which can reach long distances to find the susceptible host plant. 
(Valkonen et al. 1996, 24.) 
 
The spore is a reproducing unit of fungi, which can remain viable even in unfavoura-
ble conditions.  Sexual spores are produced in fruiting body and they can vary accord-
ing to their emergence. Sclerotinia species spores, ascospores, reproduce from apothe-
cium (Picture 1.), for instance. Asexual spores are neckling directly from thread or 
sporangium. The intensity and wavelength of light, temperature, humidity, pH and 
nutrition of fungi affect production of fruiting bodies and spores. Spores may lay 
dormant (resting spores) due to external circumstances (too low a temperature, too 
high a humidity) and germinate when favourable conditions occur. (Valkonen et al. 
1996, 20-26.) 
 
 
PICTURE 1. Apothecia and sclerotium of S.sclerotiorum. Picture: Hanna 
Avikainen 
 
4.6 Spreading of fungi in nature and in farming environment 
 
Fungi are capable of spreading in various ways; the most efficient way is via spores 
airborne. However, spores are vulnerable to some environmental conditions, such as 
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drought, low temperatures and ultraviolet radiation (UV). The spores are produced in 
the fruiting body of the fungi, which stays closed until there are favourable conditions 
for the spores to spread. Light spores spread easily with wind, but the spores should 
also be able to land on the host plant and stay there. (Valkonen et al. 1996, 36.) 
 
Spores can spread via rain and splash drops. Spores flying in the air are moved in rain 
drops to the surface of plants and ground. The rain drops spread the existing spores on 
the plant leaves. Thus, not only do the rain drops spread spores, but also provide es-
sential moisture for the spores to germinate. Some spores can also spread via irrigation 
water and water bodies. However, most spores are destroyed after being in water for 
long. Different insects spread also spores, for instance pollinator insects spread spores 
when they visit blooms e.g. of turnip rape and rape seed. Nematodes spread mainly 
viruses but they also assist further fungal infections by making puncture holes to the 
roots of the plant. (Valkonen et al. 1996, 36.) 
 
Soil and plant wastes can be a source of fungi, as fungi can spread via threads. When 
the plant wastes are being removed the fungus spores, threads and the resting spores 
are moved as well. The infected plant wastes stored near-by a field can induce a signif-
icant risk of fungal infection. Spores can also spread via seedling of plant, on the sur-
face of the seed or some fungi may grow inside the seed. Fungi also spread in bulbs, 
rootstocks and in cuttings. The global spreading of fungi and their diseases is mainly 
due to international marketing of plant seeds and seedlings. Yet, imported seeds and 
seedlings are inspected carefully before usage. Fungi can spread also due to cultivation 
techniques from field to another via maintenance equipment, shoes and vehicle tyres. 
In addition, when budding, cutting or tying the plants, fungi and other plant pathogens 
are easily spread from soil and plants. (Valkonen et al. 1996, 37.) 
 
4.7 Sclerotinia species 
 
Sclerotinias have ability to infect several types of plants (for instance iceberg lettuce, 
cabbage (Picture 2.), oleiferous plants and so forth. (Koike et al. 2006, 23). In South 
Savo region, Finland, the two detected Sclerotinia species from fields were Sclerotinia 
sclerotiorum and Sclerotinia subarctica, Sclerotinia species are considered the most 
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serious plant protection problem in South Savo region. S.subarctica has been observed 
just recently in South Savo and its ability to cause diseases to different host plants is 
not well known at the moment. (Tuomola et al. 2012, 15-17.) 
 
 
PICTURE 2. Cabbage infected with Sclerotinia disease. Picture: Hanna 
Avikainen (Tuomola et al. 2012, 12) 
 
Sclerotinia diseases cause crop damages to oleiferous plants (e.g. turnip rape and 
oilseed rape) especially during rainy season. The crop yield and the oil content of the 
seeds decreases considerably due to Sclerotinia, hence it can cause the losses of hun-
dreds of kilograms per hectare.  The first symptoms of the disease occur 3-4 weeks 
after bloom: watery spots are developed into the stalks and stems of the plants (Figure 
5). The infected parts of the plant turns white at first but later on they turn brownish. 
As the disease proceeds, the upper parts of the plant dry off and the development of 
the plant’s own seeds stops, the stems also break off easily. Black sclerotia (Picture 1.) 
are formed inside the stem, which usually stay in the ground after harvesting. Sclero-
tinia species overwinters in the ground mainly as the survival structures, sclerotia, 
which can stay viable several years. (Lassi & Tulisalo 2012, 17.) The “half-time” of 
sclerotia (time when half of the sclerotia have perished) is 1-3 years, thus the sclerotia 
are persistent in soil, as they have thick wall protecting the spores from light, excess 
moisture and so forth. Nematodes, bacteria and unfavourable environmental condi-
tions can eliminate sclerotia. (Valkonen et al. 1996, 38-39.) 
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FIGURE 5. The life-cycle of S.sclerotiorum (HDC Factsheet 2007) 
  
Weather conditions are vital to the spreading of S.sclerotiorum. The soil must be hu-
mid enough for several days for apotheciums (Picture 1.) to develop, the spores are 
spread from apotheciums air borne. (Lassi & Tulisalo 2012, 17-18.) Sclerotinia sclero-
tiorum can occur as asymptomatic in cabbages and carrots, but after harvesting and 
storaging the S.sclerotiorum can cause a total rotting of the vegetables. (Valkonen et 
al. 1996, 74). S.sclerotinia and S.minor causes Pink rot for celery, for carrots 
S.sclerotiorum and S.minor cause White mold, cottony rot and watery soft rot. White 
mold caused by Sclerotinia can be found also from parsley and other apiaciae plants, 
broccoli, cauliflower and cabbage. (Koike et al. 2006, 88-89,111-112, 127, 189-190.) 
  
4.8 Prevention and elimination of Sclerotinia species 
 
4.8.1 Cultivation practices and chemical control 
 
In general whatever options are chosen for management of the diseases, the control 
measure must be effective enough to achieve acceptable levels of control. Secondly, 
the method chosen must be economically practical, so that using it does not cause 
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more losses than profit from the cultivated plants. Disease control methods must be 
also applicable to commercial use (some new methods have been studied, but not 
commercialised yet, such as some biocontrol agents). Also, the method must be suita-
ble with other methods used, as usually the control of diseases requires more than just 
one method, for instance cultural practices combined with resistant plant species and 
fungicides (integrated plant protection). The management of plant pathogens relates to 
the so called disease triangle (Figure 3.): as disease development requires all three 
factors (susceptible host, plant disease and favourable environment) by eliminating or 
modifying one of them the disease can be managed. (Koike et al. 2006, 38.) 
 
The best method for controlling Sclerotinia species is crop rotation, in which case the 
susceptible host plants for Sclerotinia species should not be cultivated. Turnip rape 
and oilseed rape are cultivated maximum at three year intervals, for instance. (Lassi & 
Tulisalo 2012, 17-18.) During the crop rotation non-susceptible plants for instance 
grain, corn and grasses can be cultivated. (Laemmelen 2001, 3).  
 
If fungicides are used for the prevention of Sclerotinia diseases, the spraying of fungi-
cides should be done in the early stage of blooming, before the symptoms occur. The 
fungicide makes the petals toxic for Sclerotinia species and thus the penetration of the 
pathogen is prevented. (Lassi & Tulisalo 2012, 18.) Use of fungicides has its draw-
backs: they are costly, it is hard to treat large volumes of plants to eliminate the patho-
gens, the pathogen may become resistant to the biocide and stronger ones are needed. 
Also not well planned application of biocides may pollute environment and food more 
than necessary. The biocides usually do not only affect the intended pathogen but also 
other plants, beneficial microbes and animals. (Kumar et al. 2008, 69; Klingberg 2012, 
8-15.) Also, for most soil borne plant diseases fungicides are not usually very effec-
tive. (Koike et al. 2006, 44-47).  
 
Monitoring the occurrence of persistent soil borne pathogens, such as Sclerotinia spe-
cies, is important. If seed borne pathogens are a great concern, all the materials which 
are infected or contaminated should be removed, so that the contamination does not 
spread. Seed borne plant pathogens usually derive from infected seeds, and if the seeds 
are cultivated the healthy plants may become infected as well, for example. Sanitation 
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is a practice, in which the contaminated material is being removed, for instance Scle-
rotinia minor is being sanitized by plowing the soil deeply, so that remains of sclerotia 
are being buried as the soil is inverted. (Koike et al. 2006, 38-48.) Drip irrigation has 
shown to minimise the occurrence of Sclerotinia species compared with overhead irri-
gation, as favourable conditions for Sclerotinia species (cool temperatures, high soil 
moisture, high air humidity) are being changed. (Laemmlen 2011, 3). 
 
There have been studies showing the elimination of Sclerotinia species with antago-
nist agents. These types of biological agents act either by competing with the plant 
pathogen for nutrients, oxygen and space or by directly affecting the plant pathogen by 
antibiosis or mycoparatism. Sporidesmium sclerotivorum acts for instance as a parasite 
for S.sclerotiorum, S.minor and S.trifolicum cepivorum and it has appeared to be near-
ly a perfect biological control agent. (Kumar et al. 2008, 73-74.) Also Coniothyrium 
minitans have shown to have great biological control effect against Sclerotinia species 
on (S.sclerotirum and S.cepivorum). (Koike et al. 2006, 47; Kumar et al. 2008, 73-74). 
In Europe there is an accepted product for the prevention of Sclerotinia species, Con-
tans®WG, which is based on Coniothyrium minitans fungi. The product is not regis-
tered in Finland at the moment. Some laboratory and field experiment has been done 
to open land vegetables with the control agent, the results were moderate and the con-
trol agent needs more investigation. (Tuomola et al. 2012, 22-25.) Also Trichoderma 
species have shown to have antagonism towards S.sclerotiorum and S.cepivorum by 
antibiosis, filtering toxins or  competing for nutrients. (Castillo et al. 2011, 414-416; 
Kumar et al. 2008, 73-74). 
 
As the use of methyl bromine as disinfectant was prohibited in Finland in 70’s the use 
of biofumigation has increased. In biofumigation naturally occurring defence com-
pounds of the plant itself, glycosinolates, are utilised as disinfectant agents. Glycosin-
olates are non toxic compounds, but when they break down due to enzymes or mi-
crobes the released ITC -compounds (icotiocyanate) are toxic to some organism in 
large concentrations. Biofumigation is done by mixing the biomass of brassica plants 
(e.g. mustard) with a seedbed. Studies have shown the reducing effect of biofumiga-
tion on Sclerotinia species in cultivation experiment and in field experiments com-
bined with mulch. Biofumigation experiment was also conducted in South Savo in 
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2010-2011, in greenhouse conditions and in laboratory cultivation the effect of biofu-
migation on Sclerotinia species was significant, whereas in field experiment the effect 
was not that significant. The effectiveness of bio fumigation is influenced by the con-
tent of glycosinolates, the composition of chemical gases produced, amount of bio-
mass used, soil texture, temperature, humidity and how fast and well the biomass ma-
terial is grinded and spread to soil. (Tuomola et al. 2012, 26-38.) 
 
4.8.2 In biogas process 
 
Factors affecting the hygiene of the digestate depend on the pathogens present in the 
feed material, their amount, the temperature of the biogas process (mesophilic, ther-
mophilic), retention time, process type, the use of the hygienisation unit and other pro-
cess conditions treatment type (batch or continuous process) and available nutrients. 
(Sahlström 2003, 162-163; Iivonen et al. 2013, 62; Marttinen et al. 2013, 34-35). The 
easiest parameters to monitor regarding the elimination and the prevention of growth 
of plant pathogens are temperature, retention time and pH. Temperature and retention 
are the most important treatment parameters as sufficient temperature has shown to 
eliminate pathogens most likely, temperature above 50˚C inhibit the growth of most 
pathogens. (Marttinen et al. 2013, 35-37.) Continuous reactors are more commonly 
used in biogas processes. However, studies have suggested that batch reactors are bet-
ter in the elimination and reduction of microbial populations and the fresh material 
leaving the continuous reactor may not be totally sanitised. (Ryckeboer et al. 2002, 
205; Sahlström 2003, 163-164.) Batch reactors are more easily controlled than contin-
uous reactors with regard to the temperature and time. (Sahlström 2003, 163-164). 
 
Termorshuizen et al. conducted a study, where the survival of six pathogens in meso-
philic digestion was studied, two human and four plant pathogens. In their study Scle-
rotium cepivorum survived mesophilic biogas process with 21-day retention time, 
whereas other plant pathogens studied (Fusarium oxysporum, Ralstonia solanacea-
rum, Plasmodiphora brassicaea) were more sensitive to anaerobic mesophilic condi-
tions. (Termorshuizen et al. 2003). The oxygen content, moisture level and the tem-
perature have shown to affect S.sclerotiorum and S.minor in soil experiments, where 
especially the survival of sclerotia declined in wet soils with low oxygen concentration 
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(anoxic conditions). Also, almost all sclerotia lost their viability after two weeks being 
in soil with low oxygen (0.1%), 25˚C temperature and high moisture (20%). (Wu et al. 
2008, 664.) Thermophilic biogas process has shown to eliminate some plant patho-
gens, and if the digestion process was continued with composting the elimination was 
even more effective. (Ryckeboer et al. 2002, 214). The optimum temperature for the 
growth of S.Sclerotinia is 20-25˚C, whereas four days in 30˚C resulted in poor growth 
and no sclerotia formation. (Cuong N.D. & Dohroo N.P. 2006, 74). 
 
Methane and VOC produced in anaerobic digestion combined with the temperature 
and moisture is known to affect plant pathogens survival. (Iivonen et al. 2013, 69; 
Marttinen et al. 2013, 34). VFA affects the survival of pathogens, especially in low pH 
levels, for example low pH or too high pH (<4 or >11) may also inhibit the growth of 
some plant pathogens. (Marttinen et al. 2013, 35). In addition ammonia produced in 
the digestion process inhibits the growth of several fungal pathogens’s spores germi-
nation. (Valkonen et al. 1996, 106; Marttinen et al. 2013, 34). However, it is known 
that some plant pathogens are able to maintain their viability even after hygienisation 
(for instance fungal spores and especially bacterial spores. (Haraldsson 2008, 10; 
Weiland 2010, 857; Marttinen et al. 2013, 34). If it is known that the feed material 
may contain heat tolerant plant pathogens, the hygienisation should be done in higher 
temperatures (74-90˚C) with longer retention time e.g. 2 hours in 80˚C or 1 hour in 
90˚C. (Noble et al. 2009, 18; Iivonen et al. 2013, 69). Post-storage of the digestate has 
shown to minimise the amount of some fungi. Also competition for nutrients and 
space among different microbes in the biogas process (pathogens, other microbes and 
methane producing microbes) may decrease the amount of pathogens. (Marttinen et al. 
2013, 34-35.) 
 
 
5 MATERIALS AND METHODS 
 
The survival of Sclerotinia sclerotiorum and Sclerotinia subarctica was studied with 
laboratory-scale batch biogas experiment in the environmental laboratory of the Mik-
keli University of Applied Sciences. For the experiments, which were conducted in 
two sets, pre-cultivated sclerotia were being used. The same experiment was conduct-
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ed for two Sclerotinia species: S.sclerotiorum (experiment 1) and S.subarctica (exper-
iment 2). The experiment for S.sclerotiorum took place in the autumn 2012 and the 
second experiment for S.subarctica in the spring 2013. The duration of both of the 
experiments was 21 days for the batch biogas assay and approximately 14 days for 
cultivation experiments. The same steps applied for both of the experiments. 
 
5.1 Cultivation 
 
The sclerotias were obtained from Helsinki University’s Ruralia institute, the cultiva-
tion conditions were based on the publication “Biofumikaatio jäävuorisalaatin 
viljelykierrossa – menetelmän mahdollisuudet ja heikkoudet pahkahomeen torjun-
nassa” by Iivonen et al. 2012. The sclerotia were cultivated into PDA medium, with 40 
mg/l streptomycin (to prevent bacterial growth in the medium). The sclerotia were 
grown approximately 14 days in dark and room temperature.  
 
After there were enough sclerotia, they were transferred into small net bags, 10 sclero-
tia were transferred into each bag. For experiment 1. 8 net bags were used, one for 
each glass bottle. For second experiment, 10 net bags were used, one for each glass 
bottle. Four of the net bags with sclerotia (2 of S.sclerotiorum and 2 of S.subarctica) 
were pre-hygienisated with heat-treatment, which was done by putting the net bags 
into +70˚C water and keeping them in an incubator in 70˚C for 60 minutes.  
 
5.2 Inoculum, substrate and anaerobic biogas assay 
 
The biogas batch experiment was conducted in 2-litre glass bottles. The substrate used 
was liquid cow manure (stored in cold storage room, approximately +4˚C) from Juvan 
Muumaa GP, Juva and inoculant from Juvan Bioson Ltd, Juva (the plant operates on 
liquid cow manure, dry chicken manure and vegetable waste). The liquid cow manure 
and inoculants were mixed with 50:50 VS-ratio in batches 3 & 4 (31.3 gVS) (exp. 1), 
and batches 4 & 5 (33.3 gVS) (exp. 2). The total volume of the inoculants and sub-
strate with water was 1500 ml, where the proportion of inoculants was 750g for both 
of the experiments and the proportion for liquid cow manure was 388 g for exp 1. and 
390g for exp 2. The pH was measured before and after the experiment, the determina-
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tions were done according to standard SFS 3021: 1979. If necessary, the pH of the 
batch was adjusted approximately to 7 with 1M HCl before the biogas assay. The de-
termination of total solids (or dry mass) and volatile solids were based on standard 
SFS 3008: 1990. Total solids were determined by drying the biomass in the oven in 
105˚C for approximately 24 hours, total solids include biologically degradable organic 
material and non-degradable material such as lignin. Volatile solids were determined 
by incinerating the dry material (TS) in 550˚C approximately 2 hours, until the sam-
ples were turned to ashes (to determine anaerobically degradable material). There were 
three parallels to each sample.   
 
2-liter bottles were attached to aluminium bags via siphon (Figure 6.) and a sample 
bottle for gas measurements was attached to the siphon (from which methane determi-
nations were done). All the batch bottles were put into a heated closet, the temperature 
in the closet was 36±0.5˚C in experiment 1 and 35±0.5˚C in experiment 2. The tem-
perature in the closet was observed with digital temperature meter and the results were 
recorded the same time as biogas measurements were conducted. The net bags with 
sclerotia were added in all of the bottles. Batches 1 A&B (hygiene reference) in both 
experiments and 2 A&B in experiment 2 (hygiene reference with aeration) were left 
open, other ones were closed with fitting silicone stoppers and flushed with nitrogen 
gas (N2) approximately 3 minutes to obtain anaerobic conditions. The reactor bottles 
were shaked daily to prevent sedimentation, improve hydrolytic decomposition and 
maintain constant digestion. (Soininen et al. 2007, 13). 
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FIGURE 6. Illustration out of the experimental set up 
 
For experiment 1 (S.sclerotiorum), there were 4 different batches with the parallel 
batch (A&B) and with different treatments (Table 3.). For experiment 2 (S.subarctica), 
there were 5 different batches with the parallel batch (A&B), with different treatments 
(Table 3.). The treatments were the same for both of the experiment, except that ex-
periment 1 did not include a batch with aeration (batch 2 in experiment 2). 
 
TABLE 3. Different batches with description, A&B are parallels (experiment 1 & 
2) 
Batch number Description 
1 A & B 
Hygiene reference 
(sclerotia + water) 
Sclerotia were put in distilled water (1500 
ml), without any substrate or inoculant. 
There were no caps in the bottles and thus 
no biogas collection 
2 A & B (only experiment 2) 
Hygiene reference with aeration 
(sclerotia + water + aeration) 
Same as batch 1, except with aeration, to 
increase oxygen content in the water. 
 
2 A & B (exp.1), 3 A & B (exp. 2) 
Biogas reference 
750 g of inoculant, filled with distilled 
water till 1500 ml 
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(sclerotia + inoculant + water) 
3 A & B (exp. 1), 4 A & B (exp. 2) 
(sclerotia + inoculant + liquid cow ma-
nure + water) 
750g of inoculant, 
388g (1)/390g (2) of liquid cow manure, 
filled with distilled water till 1500 ml 
4 A & B (exp. 1), 5 A & B (exp. 2) 
(pre-hygienisated sclerotia + inoculant + 
liquid cow manure + water) 
Same as for batch 3/4, except sclerotia 
were put in sterile 70˚C hot water for 60 
minutes and kept in incubator in 70˚C for 
60 minutes 
 
The anaerobic biogas experiment lasted 21 days, during which the biogas and methane 
yield was measured every 1-5 days in exp. 1 and in exp. 2 every 1-4 days, in the be-
ginning when the biogas yield was high, more frequently. The biogas yield volume 
was measured using volumetric measurement, a volume displacement device (Picture 
3.); the principle was based on the displacement difference of water with gas. The bio-
gas yield measurements were made in room temperature (approximately +20˚C). The 
methane content from biogas was analysed with a gas chromatograph (HP Agilent 
6890 GC: PerkinElmer Elite-Alumina column 30 m x 0,53 mm, flame ionisation de-
tector 225˚C, oven 100˚C, inlet 225˚C, carrier gas helium 10ml/min, split ratio 35:1, 
injection volume 100µl). The time of the experiments was determined to be 21 days, 
since according to previous laboratory batch assays longer retention time would be 
more efficient regarding the stabilising of methane and biogas production. However, 
some of the slowly degrading material (e.g. lignin content materials) may not have 
been degraded during the process. 
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PICTURE 3. Biogas yield measurement using a volume displacement device. Pic-
ture: Sari Seppäläinen 
 
5.3 Determination of DO in batch 2 (exp.2) 
 
The second batch with aeration in experiment 2 was made in order to test, whether the 
oxygen concentration in the water affects the growth of sclerotia (in other batches an-
aerobic conditions prevailed). For batch 2, in experiment 2, the theoretical diluted ox-
ygen in the bottle was calculated with an air flow rate (approximately 2 l/min), know-
ing that oxygen content in the air is approximately 21%, and oxygen dissolution 6.95 
mg/l in 35˚C (SFS-EN 25814:1992). The diluted oxygen concentration for 1.5 litre 
volume water is 10.4 mg and the aeration pumps 3 mg of oxygen in a minute into the 
bottle, thus the oxygen concentration should be sufficient. However, the aeration’s 
position was changed during the experiment, to confirm the sufficient level of oxygen: 
first the net bag was at the bottom of the bottle with the aeration device, but the net 
bags were moved later on above the aeration device. As there was no organic material 
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present (other than sclerotia) in the batch reactor the biological oxygen demand of the 
microbes is not very high, and the level of diluted oxygen should be sufficient. 
 
5.4 Unloading and washing 
 
The batched were unloaded after 21 days of anaerobic digestion. Total solids, volatile 
solids and pH were measured alongside with unloading (Picture 4.). The same meth-
ods for the determination of pH, TS and VS were used as in Section 5.2., results are 
shown in Section results 6.2, pH was approximately 7 for both of the experiments.  
 
 
PICTURE 4. pH measurement alongside with unloading (exp. 2). Picture: Sari 
Seppäläinen 
 
After unloading the sclerotia net bags from the reactor bottles, the net bags were 
washed from substrate (Picture 5.), in order to diminish bacteria and other fungi. The 
sclerotia were washed 5 minutes in 70 % ethanol, and then rinsed 3 times in sterile 
water. In order to make sure that washing the sclerotia with disinfectant had not af-
fected or inhibited the growth of the S.subarctica and S.sclerotiorum the same wash-
ing operation was done to both species in the same method as with washing in unload-
ing, but without putting them into the mesophilic anaerobic biogas process. There 
were two sets from both species with two different kind of treatment to each one of the 
species with five parallels, five sclerotia from each species was cultivated without any 
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treatment and five sclerotia were cultivated after treating with alcohol and sterile wa-
ter.  
 
 
PICTURE 5. Unloading and washing of sclerotia (exp.1). Picture: Tuija Ranta-
Korhonen 
 
After washing, the sclerotia were arranged in the middle of the Petri dish, using twee-
zers (Picture 6.), one sclerotium per one Petri dish and grown in the dark approximate-
ly 14 days in room temperature. When opening the net bags, it was noticed that some 
of the sclerotia were damaged, especially in batch 4 (exp.1) and 5 (exp. 2), which were 
pre-hygienisated. The sclerotia may have also damaged during the anaerobic biogas 
process or during the washing process. The results were observed every 1-3 days to 
see whether sclerotia have survived. The diameter of the fungi was measured in milli-
metres using a calliper. 
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PICTURE 6. Cultivation of sclerotia after unloading (exp. 1). Picture: Tuija 
Ranta-Korhonen 
 
 
6 RESULTS 
 
Neither the sclerotia of Sclerotinia sclerotiorum nor Sclerotinia subarctica survived 
the anaerobic mesophilic biogas process. All the Petri dishes were either empty (con-
taining only the initial sclerotia), had some yeast growth or some other, dark green, 
fungi growing on them. Pictures out of the results are shown in Appendix 1 (Pictures 
7-9). The alcohol treatment did not inhibit the growth of sclerotia though it slowed 
down the growth of the treated sclerotia at the beginning for a few days compared with 
untreated sclerotia. Pictures from the confirmation test are shown in Appendix 2 (Pic-
tures 10 & 11.) 
 
6.1 Methane and biogas yield 
 
6.1.1 S.sclerotiorum (exp. 1) 
 
The proportion of methane out of produced biogas was approximately one third (in 
batch 2 and 3) and approximately half in batch 4 (Table 4.). Cumulative methane 
yields were calculated without inoculant using the biogas reference batch (2). The me-
thane content in pre-hygienisated batch was notably higher compare with non-
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hygienisated batch, whereas the biogas production was relatively higher in non-
hygienisated batch. 
 
TABLE 4. The percentage of methane out of biogas, cumulative biogas and me-
thane yield and the amount of biogas and methane produced from 1 g of VS in 
experiment 1 (S.sclerotiorum) 
Batch Biogas (%) Cum. Biogas (ml) Cum. Biogas (ml/gVS) 
2 A & B  
(biogas reference) 100 3600 110 
3 A & B 100 13000 420 
4 A & B (hygienisated) 100 10300 330 
  CH4 (%) Cum. CH4 (ml) Cum. CH4 (ml/gVS) 
2 A & B  
(biogas reference) 27 980 31 
3 A & B 28 3800 120 
4 A & B (hygienisated) 45 4500 150 
 
There were some differences between the pre-hygienisated batches (4 A & B) com-
pared with non-hygienisated batches (3 A & B) (Figure 7.), especially in the cumula-
tive biogas yield and methane content. The proportion of methane from biogas was 
higher in batch 4 (pre-hygienisated batch), whereas the biogas content was higher in 
batch 3 (non-hygienisated batch). 
 
 
FIGURE 7. The cumulative biogas and methane of experiment 1, batch 3 & 4 
(pre-hygienisated) 
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6.1.2 S.subarctica (exp. 2) 
 
The proportion of methane out of produced biogas was approximately one third in all 
batches (Table 5.). Cumulative methane yields were calculated without inoculant us-
ing the biogas reference batch (3). There were no remarkable differences between the 
pre-hygienisated batches (5 A & B) compared with the non-hygienisated batches (4 A 
& B) (Figure 8). The cumulative methane yield does not differ either remarkably be-
tween the batches.  
 
TABLE 5. The percentage of methane out of biogas, cumulative biogas and me-
thane yield and the amount of biogas and methane produced from 1 g of VS in 
experiment 2 (S.subarctica) 
Batch Biogas (%) Cum. Biogas (ml) Cum. Biogas (ml/gVS) 
3 A & B  
(biogas reference) 100 8800 250 
4 A & B 100 13000 380 
5 A & B (hygienisated) 100 13400 402 
  CH4 (%) Cum. CH4 (ml) Cum. CH4 (ml/gVS) 
3 A & B  
(biogas reference) 30 2600 69 
4 A & B 39 5400 160 
5 A & B (hygienisated) 35 4700 140 
 
In experiment 1 the biogas production started after 3 days of starting the biogas pro-
cess (Figure 7.), whereas in experiment 2 the biogas production started smoother (Fig-
ure 8.). Experiment 2 had fresher inoculant than experiment 1 and the delay in biogas 
production is because the process in experiment 1 needed a longer time to adapt. 
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FIGURE 8. The cumulative biogas and methane of experiment 2, batch 4 & 5 
(pre-hygienisated) 
 
6.2 TS/VS/Biodegradation 
 
Total solids and volatile solids were determined before and after the batch assay; the 
results of the first determination are shown in Table 6. Liquid cow manure for exp.1 
and exp. 2 was obtained the same date (25th October 2012) although due to different 
time of determination of TS and VS, the values vary from each other slightly.  
 
TABLE 6. Values for total solids (TS) and volatile solids (VS) in percentages for 
experiment 1 (S.sclerotiorum) and experiment 2 (S.subarctica) and amount of or-
ganic dry material is grams (gVS) before mesophilic batch biogas assay 
Materials Obtained (date) TS (%) VS (%) gVS 
Inocculant (1) 22.11.2012 5.7 4.2 31.3 
Inocculant (2) 10.1.2013 6.1 4.4 33.3 
Cow manure (1) 25.10.2012 9.6 8.1 31.3 
Cow manure (2) 25.10.2012 10.0 8.6 33.3 
Inocculant :& Cow manure 50:50 (1)   7.6 6.1   
Inocculant :& Cow manure 50:50 (2)   8.1 6.5   
 
Figure 9. shows the biodegradation (indicated by VS removal) in percentages and 
standard deviations, the initial values for VS are shown in Table 6. The amount of VS 
had reduced approximately by half in both experiments in both batches (non-
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hygienisated and pre-hygienisated). The reduction of VS was approximately one third 
in biogas reference batches.  
 
 
FIGURE 9. The biodegradation of organic material in percentages in different 
batches, exp. 1 (1) and exp. 2 (2) 
 
 
7 DISCUSSION 
 
The purpose of this study was to find out the utilisation possibilities of digestate as an 
organic fertiliser, which can substitute mineral fertilisers, by studying its plant patho-
genic properties after the mesophilic anaerobic process with 21-day retention time. 
Based on the results the digestate can be utilised as an organic fertiliser, without the 
risk of Sclerotinia species contamination. Sclerotinia species are able to produce hard 
covered, persistent, resting spores, which are the most likely organisms to survive 
composting and other waste treatment processes. (Valkonen et al. 1996, 24; Noble et 
al. 2009, 3). The survivals of S.sclerotiorum and S.subarctica in the mesophilic biogas 
process have not been studied before.  
 
Based on the results the mesophilic anaerobic digestion with 21-day retention time 
was sufficient enough for the elimination of both Sclerotinia species viability and re-
productive capability. Therefore, if plant wastes with possible plant pathogens are 
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treated with mesophilic anaerobic digestion, Sclerotinia species should not remain 
their reproductive capability and hence the digestate can be utilised as an organic ferti-
liser. Nevertheless, if sclerotia have persistent hard-covered structure and are heat-
tolerant and the sclerotia did not maintain their viability after the anaerobic digestion, 
perhaps other plant pathogens may not survive it either. Certainly, this is only an as-
sumption and would require long-term field experiments with numerous plant patho-
gens.  
 
Whether the sclerotia were pre-hygienisated or not, did not seem to affect their 
growth: the digestion process itself was sufficient enough for eliminating the patho-
gen. Therefore, the hygienisation is not necessary considering the outcome although it 
makes the elimination of Sclerotinia species from digestate more guaranteed (in case 
of flaws in the reactor system and so forth). Nevertheless, it was noticed during un-
loading that pre-hygienisated sclerotia were more damaged outside than the non-
hygienisated sclerotia. Moreover, before the digestate is being utilised, it goes through 
different steps: hygienisation, anaerobic digestion, post-digestion and storage (aero-
bic). The post-digestion degrades the material further on, the rest of the methane is 
stored and the hygienic condition improves. Thus, the pathogens must survive all these 
different steps with different environmental conditions. Therefore, it is also unlikely 
that fungi could adapt to different environmental conditions and remain viable. (Har-
aldsson 2008, 37.) 
 
The temperature may have affected the survival of sclerotia, especially with 21-day 
retention time, as longer retention time improves the hygienic condition of the diges-
tate. (Latvala 2009, 35). Plant pathogens are known to become inactive in the anaero-
bic biogas process or at least their survival is minimised. (Lehtomäki 2006, 23; 
Weiland 2010, 849). Anaerobic conditions may have affected the survival of the scle-
rotia. Second batch in experiment 2 had aeration without any substrate to test whether 
lack of oxygen has affected the results of experiment 1, where the sclerotia did not 
stay viable either. On the one hand, the diluted oxygen should be sufficient enough - 
on the other hand, it is unknown whether sclerotia can utilise diluted oxygen or how 
they generally survive in water. Sclerotia did not remain viable in soil with low oxy-
gen content (0.1%) and high moisture (20%). (Wu et al. 2008, 664). Thus, it can be 
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assumed that anoxic or anaerobic conditions may have been one of the reasons for the 
sclerotia not remaining viable. Moreover, the reason behind non-surviving sclerotia 
was not either in the washing process done when unloading, as it was confirmed with 
a separate test. 
 
Volatile organic compounds are being produced during anaerobic digestion, these 
VOCs may inhibit the growth the Sclerotinia species. Biofumigation is based on the 
effect of VOCs and in laboratory and greenhouse tests has shown to be effective 
against Sclerotinia species. Also some antagonist species produce VOCs, which are 
harmful to specific fungi or other pathogens. VOC produced in anaerobic digestion 
combined with the temperature and moisture is known to affect plant pathogens sur-
vival. (Iivonen et al. 2013, 69). Ammonia produced in the digestion process inhibits 
the germination of several fungal pathogens’ spores, for instance. (Valkonen et al. 
1996, 106). 
 
Hygienisation degrades solid organic material into liquid form, which the bacteria can 
utilise better and thus the biogas and methane production of hygienisated materials is 
usually higher in comparison with non-hygienisated. (Luste et al. 2012, 55-56). In Ta-
ble 4. it can be seen that the methane content in exp.1 in pre-hygienisated batches was 
notably higher than in non-hygienisated batches (45% compared with 26%). Methano-
gens are sensitive to fluctuations in the process and other unfavourable conditions 
(Weiland 2010, 851), thus it can be that the hygienisation assisted the growth of the 
most sensitive bacteria – methanogens, e.g. by eliminating competing microbes, which 
resulted in high methane content. Otherwise biogas production was relatively high in 
the non-hygienisated batch, which indicates that degradation pathway has occurred 
before methanogenesis. 
 
The methane potential for cow manure given in literature is 175m3/tVS (Latvala 2009, 
25) and the methane potential in previous determinations with the same cow manure 
has been 190m3/tVS (Luste 2013). Therefore, the methane content in these experi-
ments was somewhat lower in comparison with previous determinations and literature 
value. The material may have contained slowly degrading material, which resulted in 
lower methane yield and thus the retention time was not long enough regarding the 
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degradation of all the organic material.  The methane yield could have been higher, if 
there would have been more than one substrate used, as usually a higher methane yield 
is achieved when various different substrates are co-digested. (Haraldsson 2008, 10). 
Also, as the inoculants were obtained from Juvan Bioson Ltd and the biogas plant uses 
liquid cow manure, dry chicken manure and vegetable wastes as substrates, the me-
thane yield could have been higher if the same substrates were used in the experi-
ments, as the microbes in the inoculant are adapted to these substrates. In this experi-
ment, only liquid cow manure was used as a substrate, and it may have affected the 
methane yield as it takes some time for the microbes to adapt only degrading cow ma-
nure. In exp. 2, the difference in methane content was not remarkable between the 
batches; this can be due to different Sclerotinia species, for instance.  
 
Biodegradation describes how well dry material is degraded by microbes. The differ-
ences between hygienisated and non-hygienisated batches are not remarkable (Figure 
9.). Therefore, it can be concluded that sclerotia did not affect biogas and methane 
yield notably (except methane content in exp. 1) and neither biodegradation. However, 
it is assumed that in batches 4 (exp. 1) & 5 (exp. 2) the sclerotia were eliminated dur-
ing pre-hygienisation.  
 
As continuous reactors are more commonly used (in Finland) than batch reactors, fur-
ther studies could be made by repeating similar experiment in the continuous reactor, 
as batch reactors are known to be easier to control regarding pathogens than continu-
ous reactors. The prevention of recontamination in full-scale reactors is more difficult 
when compared with laboratory-scale reactors, as laboratory circumstances are rela-
tively easy to maintain. (Sahlström 2003, 163.) Therefore, the study could be also 
made in full-scale reactor. These types of studies would demonstrate the results of 
these experiments furthermore. 
 
 
8 CONCLUSIONS 
 
Neither Sclerotinia sclerotiorum nor Sclerotinia subarctica remained vital after the 
mesophilic biogas process. This can be due to the temperature combined with 21-day 
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retention time, volatile organic compounds produced in the digestion process or due to 
anaerobic conditions, for instance. There were neither remarkable differences between 
the biogas and methane yield and biodegradation between pre-hygienisated batches 
and non-hygienisated batches. Based on the results, the digestate can be utilised as an 
organic fertiliser to substitute mineral fertilisers without the risk of Sclerotinia species.
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APPENDIX 1(1). 
Pictures from cultivations 
 
 
 
 
PICTURE 7. Cultivations of S.sclerotiorum. Picture: Tuija Ranta-Korhonen 
 
 
PICTURE 8. Sclerotinia subarctica –incubation experiment, after 11 days of in-
cubation. The Petri dish was filled with some other fungi (Batch 2 with aeration) 
APPENDIX 1(2). 
Pictures from cultivations 
 
 
PICTURE 9. S.subarctica after 11 days of incubation (Batch 5)
APPENDIX 2. 
Pictures from confirmation test 
 
 
 
PICTURE 10. S.sclerotiorum after 12 days of incubation (untreated) 
 
 
PICTURE 11. S.subarctica after 12 days of incubation (treated) 
